Abstract. Radiatively inefficient, hot accretion flows are widely considered as a relevant accretion mode in low-luminosity AGNs. We study spectral formation in such flows using a refined model with a fully general relativistic description of both the radiative (leptonic and hadronic) and hydrodynamic processes, as well as with an exact treatment of global Comptonization. We find that the X-ray spectral index-Eddington ratio anticorrelation as well as the cut-off energy measured in the best-studied objects favor accretion flows with rather strong magnetic field and with a weak direct heating of electrons. Furthermore, they require a much stronger source of seed photons than considered in previous studies. The nonthermal synchrotron radiation of relativistic electrons seems to be the most likely process capable of providing a sufficient flux of seed photons. Hadronic processes, which should occur due to basic properties of hot flows, provide an attractive explanation for the origin of such electrons.
The hot flow model
The most developed and commonly accepted model of low-luminosity black hole systems is that of optically thin, two-temperature accretion flows (ususally referred to as ADAFs), see, e.g., Narayan & McClintock (2008) for a review. Thermal Comptonization in such flows is then considered as the origin of strong X-ray emission, often dominating the radiative output of low-luminosity systems. The major problem for the model, pointed out e.g. by Yuan & Zdziarski (2004) , is that electron temperatures predicted by the model are much higher than temperatures indicated by the high-energy cut-offs in the observed spectra. However, previous comparisons with the data relied mostly on simplified models, in particular involving the use of a pseudo-Newtonian potential as well as local approximations of Comptonization, both being potential sources of serious inaccuracies.
In a standard ADAF theory, seed photons are provided by thermal synchrotron radiation. The weak efficiency of this emission process leads to disagreement with observations (discussed below). Irradiation of the hot flow by thermal emission from a surrounding, cold disc may provide an additional strong flux of soft photons and this process is possibly responsible for softening observed above ∼ 1% of the Eddington luminosity, L Edd (illustrated in Fig. 2a) ; at lower luminosities this is, however, a negligible effect. A rather weakly explored solution for the seed photons problem involves nonthermal synchrotron emission of relativistic electrons. Such electrons may be present due to either nonthermal acceleration processes or π ± decay. The latter is a natural process in ADAFs, and we focus on it here, as the two-temperature structure is their essential feature and protonproton interactions should lead to a substantial production of pions.
We have recently developed the model with an exact treatment of relevant radiative processes, see Xie et al. (2010) , Niedźwiecki et al. (2012) , Niedźwiecki et al. (2013) . Below 2 Andrzej Niedźwiecki, Fu-Guo Xie & Agnieszka Stȩpnik we briefly describe the dependence on main parameters (illustrated in Fig. 1) , then, we compare the model predictions with observations. The standard version of the model, for which the thermal synchrotron radiation is the only source of seed photons, is referred to as a purely thermal model. The extension of the model, taking into account additional seed photons from nonthermal synchrotron of relativistic e ± produced by π ± decay, is referred to as a model with hadronic e ± . We use two parameters to describe poorly understood plasma physics: the fraction of the dissipated energy which heats directly electrons is denoted by δ and the magnetic field strength is parametrized by the ratio of gas to magnetic pressure, β. Both β and δ appear crucial for spectral properties. In models with large δ (≃ 0.5), luminosity is larger by an order of magnitude, and electron temperature is a few times higher, than in models with small δ (≃ 10 −3 ). For δ = 0.5, the temperature is ∼ 500 keV or higher regardless of other parameters. At small δ, β is the key parameter for the plasma temperature. Apart from the obvious dependence of the synchrotron emissivity on the magnetic field strength, an even stronger effect results from a higher compressibility of flows with smaller β, making such flows closer to a slab geometry; in turn, flows with larger β are closer to a spherical geometry, for which Compton cooling is much less efficient.
Our model allows to study the dependence on the black hole spin, parametrized here by a = J/(cR g M ), where M and J are the black hole mass and angular momentum and R g = GM/c 2 . In general it is an important parameter, in particular determining the radiative efficiency of flows with large δ as well as affecting the value of the critical accretion rate, above which a hot flow ceases to exist. On the other hand, the value of a does not affect our constraints on δ and β.
Large spectral changes are supposed to result from changes of the accretion rateṀ , given below byṁ =Ṁ /Ṁ Edd , whereṀ Edd = L Edd /c 2 . Increase ofṁ yields a stronger heating and, hence, a larger luminosity and a harder X-ray spectrum. Despite a stronger heating, however, the electron temperature decreases with increasingṁ due to the increase of the optical depth, τ , which strongly enhances the Compton cooling.
Finally, we find that the synchrotron emission of pion-decay electrons reduces temperature for small δ and rather small β (≃ 1); for larger β or δ, differences between the two versions of the model, purely thermal and with hadronic e ± , are insignificant (in such cases the nonthermal synchrotron is comparable to the thermal synchrotron emission, which is strong at T ∼ 500 keV). The rate of pion production, which determines the seed 8 M⊙,ṁ = 0.1 and a = 0.95. The solid spectrum is for (β, δ)=(1, 10 −3 ) in the model with hadronic e ± . The remaining spectra are for (β, δ) = (1, 10 −3 ; dashed), (9, 10 −3 ; dotted) and (1, 0.5; dot-dashed) in the purely thermal model. X-ray emission from hot accretion flows 3 photon flux in model with hadronic e ± , is proportional to the square of density, so the difference between the two versions of the model increases with increasingṁ.
Comparison with observations
For the comparison we use the photon spectral index in the X-ray range, Γ, the Compton parameter, y (≡ 4τ kT e /m e c 2 ) and the Eddington ratio, λ = L 2−10 /L Edd , where L 2−10 is the 2-10 keV luminosity of the flow. The Γ-λ anticorrelation was revealed in recent years in several studies of low-luminosity (with λ < 0.01) systems. Such a negative relation is seen both in individual AGNs (e.g., Lubiński et al. (2010) ) and in large samples of AGNs (e.g. Gu & Cao (2009) ). The latter show also that above λ ∼ 10 −3 -10 −2 the relation is inverted and the X-ray spectra soften with increasing luminosity. In Fig. 2a we show the data for low-luminosity Seyfert galaxies from Gu & Cao (2009) compared with predictions of our model; the data for luminous Seyfert galaxies from Zhou & Zhang (2010) are also plotted to illustrate the invertion of the Γ-λ relation. Studies of large samples of AGNs, such as these adopted by Gu & Cao (2009) , usually use a simplified approach to spectral modeling, which allows to estimate generic trends, however, the assumed models are too simple to be used for precise comparisons with physical models. Then, we gathered the values of the intrinsic X-ray slopes from detailed models of several well studied objects (called below a high-quality sample): NGC 4151 (Lubiński et al. (2010) ), NGC 5548 (Brenneman et al. (2012) ), NGC 4258 (Yamada et al. (2009) points are shown in Fig. 2b . We see that the high-quality sample shows a much tighter correlation between Γ and λ than that apparent from Fig. 2a . Circles in Figs 2ab show the model points for the purely-thermal model with 0.03 ṁ 0.3, 0 a 0.998, 1 β 9 and 10 −3 δ 0.5. As we can see, for such a broad range of parameters the model gives a rather narrow distribution of Γ at fixed λ. The comparison in Fig. 2a is not particularly conclusive. In Fig. 2b (which we regard to be more reliable) we see that the purely-thermal model predicts spectra systematically harder than those of the high-quality sample. As also seen in Fig. 2b , the hot flow model can be reconciled with the data if the pion-decay electrons are taken into account. We emphasize again that small δ and small β are crucial for achieving this agreement.
The above finding is further confirmed by comparing the model predictions with electron temperatures measured in AGNs. Here the observational grounds are even more uncertain than for the intrinsic X-ray slope; accurate assessment of the plasma temperature requires high-quality data around the high-energy cut-off, which are available only for a few objects. The most precise measurements were done for NGC 4151 (Lubiński et al. (2010) ) and Cen A (Beckmann et al. (2011)) , the results are shown in Fig. 2c . We see that the purely-thermal model with β = 1 and δ = 10 −3 overestimates the temperature and we note that all models with large δ as well as these with large β predict kT > 320 keV, i.e. above the upper boundary of the figure. The model with hadronic e ± is in good agreement with the data at λ ∼ 10 −4 ; at λ ∼ 10 −3 the model temperature is still larger than that measured in the bright state of NGC 4151. This may indicate that a stronger magnetic field, with β < 1, is required at this λ.
Interestingly, Cen A and NGC 1275, which are FR I radiogalaxies, seem to follow a similar Γ(λ) relation as seen in the best-studied Seyferts in this range of λ. This supports the accretion flow (rather than jet) origin of the X-ray emission of FR Is at such λ, indicated also by the thermal-like cut-off in Cen A (Beckmann et al. (2011) ). Also, consistently with our requirement of small δ, radiative efficiencies assessed for FR Is are small (e.g. Donato et al. (2004) ).
